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The SM Higgs boson

� The milestone of LHC Run-1

� discovery of a new boson with
m ∼ 125 GeV by ATLAS and CMS

� first discovered in bosonic decay
modes: H → γγ, H → ZZ∗ → 4`

� thus far consistent with SM Higgs
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� key to the SM Higgs: coupling to fermions

� Hff̄ Yukawa interaction leads to fermion masses

� yf coupling strength proportional to mf

H

b, τ, μ

b, τ, μ

yf
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Higgs couplings to fermions

� Focus on couplings
within reach at the LHC:

� Higgs decays to µµ, ττ , bb̄

� tt̄H and tH production to directly
probe Higgs-top coupling

µ = σ/σSM

� Reminder: CMS results from Run-1

H → µµ µ95% CL < 7.4 obs

H → ττ evidence (3.2σ obs)

H → bb̄ excess of 2.1σ (obs)

tt̄H µfit = 2.8± 1.0 (3.4σ)
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Higgs couplings to leptons

HIG-17-001 search for lepton-flavor violating H → `τ decays

PAS-HIG-17-019 search for H → µµ

HIG-16-043 observation of H → ττ

PAS-HIG-18-007 NEW search for V H(→ ττ) with leptonic V decays
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Higgs couplings to leptons

HIG-17-001 search for lepton-flavor violating H → `τ decays [BACKUP]

PAS-HIG-17-019 search for H → µµ

HIG-16-043 observation of H → ττ

PAS-HIG-18-007 NEW search for V H(→ ττ) with leptonic V decays
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Search for H → µµ decays
PAS-HIG-17-019

� very rare process σSM(H → µµ) ∼ 10 fb,
but clean exp. signature:

µ±µ∓ (+ 2 jets, for VBF)

� 15 SR categories defined by BDT discrim.

� signal and bkg modeled with analytical
functions and fit to mµµ spectra transformed BDT
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shape of the high-mass DY distribution. A secondary contribution is induced by the single123

and pair production of top quarks, which have flatter profiles. Several analytic functions were124

considered for the background shape. The first set includes generic series, such as a sum of125

exponential functions or of Bernstein polynomials, which involve no prior assumption about126

the background shape. The second set includes modified versions of the Breit–Wigner Z-peak127

distribution, derived and validated by fitting FEWZ predictions of the DY invariant mass dis-128

tribution at NNLO. Both sets are summarized in Equations 1–4. In addition, FEWZ spectra129

templates multiplied by polynomial functions are considered.130
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(4)

In some categories, a variation on the modified Breit–Wigner distribution (Eq. 4) is used, mul-131

tiplying it by a Bernstein polynomial of up to degree 4.132

Due to differences in muon mass resolution and background composition, we select the back-133

ground functional form separately for each category. Figure 3 shows the dimuon mass spec-134

trum for the two most sensitive categories, category 14 (right) and 12 (left). The choice of the135

background function is based on minimizing the possible bias in the fitted signal yields.136
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Figure 3: Signal-plus-background (S+B) fit (solid) and the background-only (B) component
(dashed) of the dimuon mass spectrum in events from category 12 (left) with the Modified Breit-
Wigner multiplied by a Bernstein polynomial (degree 4) as the functional form and category
14 (right) with the Modified Breit-Wigner functional form. The lower plots show the dimuon
mass spectrum with the fitted background component subtracted (B component subtracted).

To estimate the possible bias, all of the functions in Eq. 1–4, and some additional functional137

combinations and FEWZ spectra templates, are used to fit the data in each category. From138

each of these fits, pseudo-experiments are randomly generated to create thousands of pseudo-139

datasets, taking into account the uncertainty on the fit parameters. Each of the functions is140

then used to fit the pseudo-datasets generated from the other functions, with the measured141

^

no significant excess observed, but
sensitivity approaching SM prediction

Obs. (Exp.) significance: 0.98σ (1.09σ)

95% CL upper limit on µ = σ/σSM:
µ < 2.64 (1.89) obs (exp)
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Observation of H → ττ decays
HIG-16-043, Phys. Lett. B 779 (2018) 283

� ττ channels: τhτh, µτh, eτh, eµ

� 3 categories: 0-jet, VBF, boosted

� bkgs data-driven (QCD multi-jet), or
from MC+CR-corrections (Z → ττ )

� combined fit to mττ (or mvis)

� VBF (boosted): 2D fit in mjj (pττT ) bins

� excess of events in data around 125 GeV
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=⇒ Observation of H → ττ
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NEW Search for V H(→ ττ) with V → `ν, ``
PAS-HIG-18-007

WH channels: e±µ±τh, µ±µ±τh, eτhτh, µτhτh

ZH channels: (ee, µµ)× (eµ, eτh, µτh, τhτh)

� SM backgrounds:

� irreducible WZ,ZZ bkgs from simulation

� jet→ e, µ, τh fake-rate (tt̄, DY) data-driven

� combined fit to mττ (ZH) and mvis (WH)

� main syst: lepton eff., reducible bkgs
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Figure 5: Distribution of the decimal logarithm of the ratio between the expected signal and the
sum of expected signal, corresponding to the best fit value µ = 2.5, and expected background
in each bin of the mass distributions used to extract the results, in all final states combined.
The background contributions are separated based on the production process, WH or ZH. The
inset shows the corresponding difference between the observed data and expected background
distributions divided by the background expectation, as well as the signal expectation divided
by the background expectation.
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and vector boson fusion productions [1, 2]. The constraints from the combined global fit are
used to extract each of the individual best fit signal strengths. The combined best fit signal
strength is µ = 1.24+0.29

−0.27.

H → ττ

ä combined with Run-2 H → ττ :

Best-fit µ = 1.24+0.29
−0.27 (Run-2, ggF+VBF+VH)
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Evidence of V H(→ bb̄) production
HIG-16-044, Phys. Lett. B 780 (2018) 501

� H(bb̄) in association with W,Z boson

� leptonic V decays: 0` (νν), 1` (`ν), 2` (``)

� main bkgs: V + light-f, V + heavy-f, tt̄

� high-pT (V ) cut to suppress bkgs

� combined fit to BDT discriminators in SRs
+ dedicated CRs for DY and tt̄

� bkgs from MC with free-floating norm.
� main syst: V + lf/hf norm., MC modeling

E
nt

rie
s

1−10

1

10

210

310

410

510 Data
)bZH(b

)bggZH(b
bZ+b

Z+b
Z+udscg

tt
VV+HF
VV+LF
Single top

)bVH(b
MC unc. (stat.)

(V)
T

2-lepton (e), High p

 (13 TeV)-135.9 fb

CMS

 (13 TeV)-135.9 fb

BDT output
0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

D
at

a 
/ M

C

0

0.5

1

1.5
MC unc. (stat. + postfit syst.) MC unc. (stat.)

E
nt

rie
s

1

10

210

310

410

510

610 Data

)bVH(b

Background

)bVH(b

Bkg. unc.

CMS

 (13 TeV)-135.9 fb

(S/B)
10

log
4− 3.5− 3− 2.5− 2− 1.5− 1− 0.5− 0

D
at

a 
/ M

C
 (

B
)

0.5

1

1.5

Data used Significance Significance Signal strength
expected observed observed

Run 1 2.5 2.1 0.89+0.44
−0.42

Run 2 2.8 3.3 1.19+0.40
−0.38

Combined 3.8 3.8 1.06+0.31
−0.29

M. Missiroli (DESY) | Measurements of the Yukawa couplings of the Higgs boson at CMS 8 / 16

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-044/index.html
https://www.sciencedirect.com/science/article/pii/S0370269318301618?via%3Dihub


Evidence of V H(→ bb̄) production
HIG-16-044, Phys. Lett. B 780 (2018) 501

� H(bb̄) in association with W,Z boson

� leptonic V decays: 0` (νν), 1` (`ν), 2` (``)

� main bkgs: V + light-f, V + heavy-f, tt̄

� high-pT (V ) cut to suppress bkgs

� combined fit to BDT discriminators in SRs
+ dedicated CRs for DY and tt̄

� bkgs from MC with free-floating norm.
� main syst: V + lf/hf norm., MC modeling

E
nt

rie
s

1−10

1

10

210

310

410

510 Data
)bZH(b

)bggZH(b
bZ+b

Z+b
Z+udscg

tt
VV+HF
VV+LF
Single top

)bVH(b
MC unc. (stat.)

(V)
T

2-lepton (e), High p

 (13 TeV)-135.9 fb

CMS

 (13 TeV)-135.9 fb

BDT output
0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

D
at

a 
/ M

C

0

0.5

1

1.5
MC unc. (stat. + postfit syst.) MC unc. (stat.)

E
nt

rie
s

1

10

210

310

410

510

610 Data

)bVH(b

Background

)bVH(b

Bkg. unc.

CMS

 (13 TeV)-135.9 fb

(S/B)
10

log
4− 3.5− 3− 2.5− 2− 1.5− 1− 0.5− 0

D
at

a 
/ M

C
 (

B
)

0.5

1

1.5

Data used Significance Significance Signal strength
expected observed observed

Run 1 2.5 2.1 0.89+0.44
−0.42

Run 2 2.8 3.3 1.19+0.40
−0.38

Combined 3.8 3.8 1.06+0.31
−0.29

=⇒ Evidence of V H(bb̄)
M. Missiroli (DESY) | Measurements of the Yukawa couplings of the Higgs boson at CMS 8 / 16

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-044/index.html
https://www.sciencedirect.com/science/article/pii/S0370269318301618?via%3Dihub


Evidence of V H(→ bb̄) production
HIG-16-044, Phys. Lett. B 780 (2018) 501

� H(bb̄) in association with W,Z boson

� leptonic V decays: 0` (νν), 1` (`ν), 2` (``)

� main bkgs: V + light-f, V + heavy-f, tt̄

� high-pT (V ) cut to suppress bkgs

� combined fit to BDT discriminators in SRs
+ dedicated CRs for DY and tt̄

� bkgs from MC with free-floating norm.
� main syst: V + lf/hf norm., MC modeling

E
nt

rie
s

1−10

1

10

210

310

410

510 Data
)bZH(b

)bggZH(b
bZ+b

Z+b
Z+udscg

tt
VV+HF
VV+LF
Single top

)bVH(b
MC unc. (stat.)

(V)
T

2-lepton (e), High p

 (13 TeV)-135.9 fb

CMS

 (13 TeV)-135.9 fb

BDT output
0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

D
at

a 
/ M

C

0

0.5

1

1.5
MC unc. (stat. + postfit syst.) MC unc. (stat.)

 [GeV]jjM
0 50 100 150 200 250

S/
(S

+B
) w

ei
gh

te
d 

en
tri

es

50−

0

50

100

150

200

Data
=1.2)µ) (bVH(b

)bVZ(b
MC uncertainty

b b→ VH, H →pp 

CMS
 (13 TeV)-135.9 fb

Data used Significance Significance Signal strength
expected observed observed

Run 1 2.5 2.1 0.89+0.44
−0.42

Run 2 2.8 3.3 1.19+0.40
−0.38

Combined 3.8 3.8 1.06+0.31
−0.29

=⇒ Evidence of V H(bb̄)
M. Missiroli (DESY) | Measurements of the Yukawa couplings of the Higgs boson at CMS 8 / 16

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-044/index.html
https://www.sciencedirect.com/science/article/pii/S0370269318301618?via%3Dihub


b

q'
q

b

b
b

e+, µ+

ve, vµ

g

g
t

t

H

W+

W– g

g t

t

b

b

b
bH

e+, µ+

e–, µ–

ve, vµ

ve, vµW+

W–

b

q'
q

b

b
b

e+, µ+

ve, vµ

g

g
t

t

H

W+

W–

b

q'
q

b

b
b

e+, µ+

ve, vµ

g

g
t

t

H

W+

W–

b

q'
q

b

b
b

e+, µ+

ve, vµ

g

g
t

t

H

W+

W–

b

q'
q

b

b
b

e+, µ+

ve, vµ

g

g
t

t

H

W+

W–

b

q'
q

b

b
b

e+, µ+

ve, vµ

g

g
t

t

H

W+

W–

g

g t W−

t W+

H

τ−

τ+

p

p

b

`−

ν`

ντ

τ−
h

ντ

ν`

`+

ν`

`+

b

q q’

t

H

W

b

Higgs coupling to the top quark

PAS-HIG-17-005 search for tH in multilepton final states

PAS-HIG-17-016 NEW search for tH with H → bb̄

HIG-17-018 evidence of tt̄H in multilepton final states

HIG-17-026 search for tt̄H(→ bb̄) with leptonic top decays

HIG-17-022 search for tt̄H(→ bb̄) in all-jet final states

HIG-17-035 combination of tt̄H searches at CMS
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NEW Search for tHq and tHW with H → bb̄
PAS-HIG-17-016

� tH sensitive to sign of top-Higgs coupling

� BDT for jet-parton assignment
under tHq, tHW and tt̄ hypotheses

� BDTs as final discriminators:

3b and 4b SRs tH vs. tt̄
2` category tt̄+ light vs. tt̄+ hf

� main sys: tt̄+ hf modeling, b-tagging eff.

� limits on µtH(+tt̄H) as func. of κt and κV

KIT – University of the State of Baden-Wuerttemberg and 
National Research Center of the Helmholtz Association 

Institut für Experimentelle Teilchenphysik, KIT

www.kit.edu

Darius Bühler, Rene Caspart, Thorsten Chwalek, Nils Faltermann, Kevin Flöh, Denise 

Müller, Thomas Müller, Johann Rauser and David Seith

Search for tH (H→bb) Production and Study of Higgs 

Boson Couplings at 13 TeV on 2016 Data (HIG-17-016)
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Search for tt̄H(→ bb̄) with leptonic top decays
HIG-17-026, submitted to JHEP

� (1` or `±`∓) + ≥ 4 jets and ≥ 3 b-jets

� dominant bkg: tt̄ (+ heavy flavor: cc̄, b, bb̄)

� bkgs from simulation with large prior unc.

� jet combinatorics hinders H → bb̄ reco

=⇒ MVA methods for final discriminant

`+ jets: multi-class Deep Neural Network

dilepton: (BDT, MEM) 2D dist.

� main sys: tt̄+ hf modeling, b-tagging eff.
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Search for tt̄H(→ bb̄) with leptonic top decays
HIG-17-026, submitted to JHEP

� (1` or `±`∓) + ≥ 4 jets and ≥ 3 b-jets

� dominant bkg: tt̄ (+ heavy flavor: cc̄, b, bb̄)

� bkgs from simulation with large prior unc.

� jet combinatorics hinders H → bb̄ reco

=⇒ MVA methods for final discriminant

`+ jets: multi-class Deep Neural Network

dilepton: (BDT, MEM) 2D dist.

� main sys: tt̄+ hf modeling, b-tagging eff.
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Search for tt̄H(→ bb̄) with leptonic top decays
HIG-17-026, submitted to JHEP

� (1` or `±`∓) + ≥ 4 jets and ≥ 3 b-jets

� dominant bkg: tt̄ (+ heavy flavor: cc̄, b, bb̄)

� bkgs from simulation with large prior unc.

� jet combinatorics hinders H → bb̄ reco

=⇒ MVA methods for final discriminant

`+ jets: multi-class Deep Neural Network

dilepton: (BDT, MEM) 2D dist.

� main sys: tt̄+ hf modeling, b-tagging eff.
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Obs. (Exp.) significance: 1.6σ (2.2σ)
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Evidence of tt̄H in multilepton final states
HIG-17-018, submitted to JHEP

� targets H decays to WW ∗, ZZ∗, ττ

1`+2τh 2` SS (+τh) 3`(+τh) 4`

� extensive use of MVA techniques:

� lepton-ID, final discriminants (BDT, MEM)

� bkgs: tt̄V , V V (MC+CR), fake-` (data-dr.)

� main systematics: lepton ε, fake-` bkg
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Evidence of tt̄H in multilepton final states
HIG-17-018, submitted to JHEP

� targets H decays to WW ∗, ZZ∗, ττ

1`+2τh 2` SS (+τh) 3`(+τh) 4`

� extensive use of MVA techniques:

� lepton-ID, final discriminants (BDT, MEM)

� bkgs: tt̄V , V V (MC+CR), fake-` (data-dr.)

� main systematics: lepton ε, fake-` bkg
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=⇒ Evidence of tt̄H → multilepton
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First LHC tt̄H observation
HIG-17-035, accepted by PRL

� CMS combination of all tt̄H searches in Run-1 and Run-2

� multilepton and bb̄: ∆µsyst > ∆µstat

� γγ and ZZ∗: limited by stats
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Obs. (Exp.) significance: 5.2σ (4.2σ)

� observation of tt̄H production

� µtt̄H in agreement with SM
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First LHC tt̄H observation
HIG-17-035, accepted by PRL

� CMS combination of all tt̄H searches in Run-1 and Run-2

� multilepton and bb̄: ∆µsyst > ∆µstat

� γγ and ZZ∗: limited by stats
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Obs. (Exp.) significance: 5.2σ (4.2σ)

� observation of tt̄H production
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First LHC tt̄H observation
HIG-17-035, accepted by PRL

� CMS combination of all tt̄H searches in Run-1 and Run-2

� multilepton and bb̄: ∆µsyst > ∆µstat

� γγ and ZZ∗: limited by stats
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First LHC tt̄H observation
HIG-17-035, accepted by PRL

� CMS combination of all tt̄H searches in Run-1 and Run-2

� multilepton and bb̄: ∆µsyst > ∆µstat

� γγ and ZZ∗: limited by stats
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A look at Yukawa couplings in Higgs combination

PAS-HIG-17-031 Combined measurements of Higgs boson couplings
in pp collisions at

√
s = 13 TeV

see talk by T. Strebler
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-031/index.html
https://indico.cern.ch/event/677667/contributions/2828616/


Yukawa couplings in combined Higgs analyses
PAS-HIG-17-031

� combined measurements of Higgs boson couplings with Run-2 data

� showing only fit assuming SM expr. for ggF and H(γγ) loops

� focus on Higgs-fermion couplings
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Summary

� measurements of Higgs Yukawa couplings crucial test of the SM

� wide range of results produced by CMS:

� best upper limit on σ(H → µµ)

� observation of H → ττ

� evidence of V H(→ bb̄)

� observation of tt̄H production

� no significant deviations from SM
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Summary

� measurements of Higgs Yukawa couplings crucial test of the SM

� wide range of results produced by CMS:

� best upper limit on σ(H → µµ)

� observation of H → ττ
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Search for lepton-flavor violating H → `τ decays
HIG-17-001, accepted by JHEP

� off-diagonal Yukawa couplings
expected to be zero in SM

� 4 channels: eτµ, eτh, µτe, µτh

� DY from MC, W and multi-jet data-driven

� BDT discriminant for final fit to data

� sensitivity limited by systematics

� no significant excess observed

� Obs (Exp) 95% CL limit on BR`τ :

� BR(H → µτ) < 0.25% (0.25%)
� BR(H → eτ) < 0.61% (0.37%)
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Search for H → bb̄ in VBF production
PAS-HIG-16-003

� events with > 4 jets and > 1 b-jet

� dedicated triggers requiring b-jet(s)
and dijet with large ∆ηjj and mjj

� b-energy regr. to improve mbb̄ resolution

� unbinned fit to mbb̄ in 7 SR categories

� sensitivity limited by stats (only 2.3 fb−1)

� main sys. unc. from QCD bkg modeling

� combined with Run-1 search:
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Search for boosted gg → H → bb̄ production
HIG-17-010, Phys. Rev. Lett. 120 (2018) 071802

� boosted H(bb̄) recoiling against ISR jet

� inclusive search for H → bb̄

made possible at the LHC using
b-tagging and jet substructure techniques

� search in fatjet mass (6 pT categories)

� data-driven method for QCD multi-jet bkg
� W/Z → qq̄ to constrain jet-related sys
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Search for tHq in multilepton final states
PAS-HIG-17-005

� tH sensitive to sign of top-Higgs coupling

� (SS 2` or 3`) + 1 b-jet + 1 forward-jet

� methods similar to tt̄H multilepton

� lepton ID, bkg modeling, MVA discrim.

� sensitivity limited by systematics

� lepton eff., bkg normalizations

� limits on µtH+tt̄H as func. of κt and κV
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Evidence of tt̄H in multilepton final states
HIG-17-018, submitted to JHEP
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Search for tt̄H(→ bb̄) in fully-hadronic decays
HIG-17-022, submitted to JHEP

� events with > 7 jets and > 3 b-jets

� highest tt̄H BR, but huge QCD multijet bkg

� quark-gluon jet tagger to reduce bkg

� data-driven QCD bkg using 2b CR

� fit to Matrix Element discriminant
designed to separate tt̄H and tt̄+ bb̄

� 6 categ based on # of jets and b-jets

� sensitivity limited by systematics

� QCD shape modeling, b-tagging
E

ve
nt

s 
/ 0

.0
5 

un
its

10

210

310

410

510

610

710

810 Total unc
Multijet
+lftt

c+ctt

+btt
+2btt

b+btt
Single t
V+jets

+Vtt
Diboson
Htt

Data

 (13 TeV)-135.9 fb

CMS

QGLR (3b)
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

   
   

D
at

a/
B

kg

0.8
1.0
1.2

E
ve

nt
s 

/ 0
.1

 u
ni

ts
1

10

210

310

410

510

610

710  sys unc⊕Stat 
Multijet
+lftt

c+ctt
b+btt

Other t
Electroweak

=0.9)µH (tt
H x 500tt

Data 4 b tags≥9 jets, ≥

 (13 TeV)-135.9 fb

CMS

MEM discriminant
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

   
   

D
at

a/
B

kg

0.8

1.0

1.2

Obs. (Exp.) upper limit: µ95% < 3.8 (3.1)

M. Missiroli (DESY) | Measurements of the Yukawa couplings of the Higgs boson at CMS 23 / 16

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-022/index.html


tt̄H(→ γγ) and tt̄H(→ ZZ∗ → 4`) channels
HIG-16-040, HIG-16-041

� tt̄H categories in inclusive H → γγ and H → ZZ∗ → 4` analyses

� both channels statistically limited
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Combination of tt̄H searches
HIG-17-035, accepted by PRL

Uncertainty source ∆µ
Signal theory +0.15 −0.07

Inclusive ttH normalisation (cross section and BR) +0.15 −0.07
ttH acceptance (scale, pdf, PS and UE) +0.004 −0.004
Other Higgs boson production modes +0.002 −0.003

Background theory +0.14 −0.13
tt + bb/cc prediction +0.13 −0.11
tt + V(V) prediction +0.06 −0.06
Other background uncertainties +0.03 −0.03

Experimental +0.17 −0.15
Lepton (inc. τh) trigger, ID and iso. efficiency +0.08 −0.06
Misidentified lepton prediction +0.06 −0.06
b-Tagging efficiency +0.05 −0.04
Jet and τh energy scale and resolution +0.04 −0.04
Luminosity +0.04 −0.03
Photon ID, scale and resolution +0.01 −0.01
Other experimental uncertainties +0.01 −0.01
Finite number of simulated events +0.08 −0.07

Statistical +0.16 −0.16
Total +0.31 −0.26

uncertainties on µtt̄H Uncertainty
Parameter Best fit Stat Expt Thbgd Thsig
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